1. A new method for synthesizing aryl esters of N-acylamino acids is described. The unsymmetrical anhydride resulting from the interaction of an N-acylamino acid and diphenylketen is allowed to react with a phenol. Cleavage of the anhydride by the phenol usually occurs in the desired direction. 2. Bacitracin has been examined as an enzyme model by determining its catalytic activity towards the hydrolysis of aryl esters. In general, it is less effective than imidazole. The variation of the catalytic constant with pH, together with other evidence, suggests that the histidine residue in bacitracin is the effective catalytic centre. 3. The stereoisomers of N-methoxycarbonylalanine p-nitrophenyl ester were hydrolysed at the same rate, but bacitracin was stereoselective towards the stereoisomers of the corresponding phenylalanine derivative.
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There is considerable evidence that histidine forms part of the active centre of a number of enzymes that catalyse hydrolytic and grouptransfer reactions (Barnard & Stein, 1958 (Bender & Turnquest, 1957a,b; Bruice & Schmir, 1957 . In the hope that a more complex model might exhibit other properties of enzymes such as stereospecificity, we have examined the catalytic properties of bacitracin towards the hydrolysis of esters, especially those of N-methoxycarbonylamino acids (Elmore & Smyth, 1963a) . Possible structures of bacitracin A (Swallow & Abraham, 1959 , and references cited therein), the major component of commercial bacitracin (Newton & Abraham, 1953a) , are given in Fig. 1 During the present work a new procedure was developed for the preparation of aryl esters of N-acylamino acids that may find application in the field of peptide synthesis (Elmore & Smyth, 1963b (b.p. 60-800) . N-Methoxycarbonyl-L-alanine and -D-alanine (Go & Tanni, 1939) and N-methoxycarbonyl-L-phenylalanine and -D-phenylalanine were obtained as oils and used directly. N-Methoxycarbonyl-DL-alanine had m.p. 800 after recrystallization from methylene chloride-light petroleum (b.p. 60-80') (Found: C, H, 5 9; N, 9 9. C5H9N04 requires C, 40-8; H, 6-2; N, 9.5% , 37-8; H, 5-2; N, 14-4. C6HjoN205 requires C, 37-9; H, 5-3; N, 14-7% In similar attempts to synthesize the D-and L-stereoisomers, both methods gave only the racemic ester.
Kinetic technique
The liberation of p-nitrophenoxide ion resulting from the hydrolysis of the aryl esters was followed spectrophotometrically at 400 m,z in either a Unicam SP. 500 or an Optica CF4 spectrophotometer; each instrument was fitted with a thermostatically-controlled cell holder. All reactions were carried out at 25°. Thrice-distilled water was used throughout. The reaction mixture consisted of 0-067 Msodium phosphate buffer (2 ml.) of various pH values, 0-8 M-NaCl (0-5 ml.), water or an aqueous solution of catalyst (0-5 ml.), and a solution of substrate in 2-methylpropan-2-ol-water (2:5, v/v) (1 ml.). The last component was made by dilution with water of a solution of substrate in 2-methylpropan-2-ol; it was maintained at 25°and added to the cell when the remainder of the reaction mixture had attained constant temperature. The extinction at zero time, Eo, was measured as soon as the solutions were mixed, and subsequent readings, Et, were obtained at intervals of 3-12 min. The extinction, En, was again measured after 3 days, when hydrolysis was complete. The first-order rate constant, kobs,, was derived by computing the regression of In (E -Eo)/(Eoo-E,) on t by the method ofleast squares.
Initial velocities were computed by the method of Elmore, Kingston & Shields (1963) .
RESULTS AND DISCUSSION
For the present study, it was desirable that the compounds selected as substrates should satisfy the following criteria: (1) they should contain N-acyl and ester groups such that the substrates would hydrolyse at a convenient rate at 250; (2) they should have minimal hydrophobic character so that the kinetic studies could be carried out in solutions containing a high proportion of water; (3) both stereoisomeric forms, when they exist, should be easily accessible; (4) hydrolysis of the esters should be accompanied by spectral changes sufficiently large to permit accurate spectrophotometric studies. Eventually, it became clear that p-nitrophenyl esters of N-methoxycarbonylamino acids were most satisfactory and these, together with p-nitrophenyl acetate, were used in the present investigation.
The observed first-order rate constants, kobs,. (Fig. 6 ). For the phenylalanine derivative, the substrate was too insoluble to study over a range of
[C], on k.b, for concentrations in 2-methylpropan-2-ol-water (1:9, yl ester. o, Imid-v/v), but the reaction was shown to be first-order ,pH 804; x , baci-with respect to substrate for a limited range of racin and L-ester, substrate concentrations in 2-methylpropan-2-ol-' 38; 0, bacitracin water (1: 3, v/v) (Fig. 6 ).
D-ester, pH 7 17.
At first sight there are a number of groups in bacitracin that might participate in the catalytic mechanism of hydrolysis of aryl esters. There is good evidence that the thiol group in bacitracin is masked in the form of a A2-thiazoline ring (Newton & Abraham, 1963b; Craig, Hausmann & Weisiger, 1954) . The model compound, 2-methyl-A2-thiazoline, however, did not catalyse the hydrolysis of p-nitrophenyl acetate at pH 7-38 and 7-72. It is therefore considered unlikely that the A2-thiazoline ring in bacitracin contributes to its catalytic activity. The inactivity of this ring system is not _-surprising in view of its low pKa (Martin & Parcell, 1961) , although basicity is only one of the factors 'o that determine the nucleophilicity of a reagent. The a-amino group of the N-terminal amino acid, isoleucine, is rather unreactive to 1-fluoro-2,4-dinitrobenzene (Craig et at. 1954) , and is therefore considered unlikely to contribute appreciably to the 2-0 2*5 catalytic activity of bactracin.
Further evidence on the nature of the catalytic group in bacitracin stemmed from a study of the rp[0], on kobe. for pH-dependence of kc, If the catalytic activity ophetnyl ester 804 resides in a base whose conjugate acid has a dis-L sociation constant, K., the catalytic constant, k¢, at an H+ concentration, [H+] , is related to the maximum catalytic constant, k,, when the base is completely unprotonated, by the equation: (Figs. 2, 3, 4 and 5) . For a reaction that is firstorder with respect to catalyst, the catalytic constant, kc, and kobs. are related by the equation:
kobs, = kc +k1 [C] l/k' = [H+]/kK. + llkc In practice, the regression of 1 /Ik on [H+] was found to be linear (Fig. 7) , and K. was computed from the quotient, ordinal intercept/slope, by the Table 1 . Compariaon of kC for the hydroly8i8 of p-nitrophenyt e8ter8 in presence of imidazole and bacitracin at pH 8-04 and 25°in 2-methylpropan-2-ol-water ( In general, the catalytic efficiency of bacitracin is less than that of imidazole. with increasing size of the substrate. This probably reflects the steric inaccessibility of the histidine residue in bacitracin to the approach of the substrate. Perhaps the most interesting observation in the present work is the stereoselectivity of bacitracin towards the p-nitrophenyl esters of N-methoxycarbonyl-L-phenylalanine and -D-phenylalanine. No significant difference in kc was detectable for the p-nitrophenyl esters of Nmethoxycarbonyl-L-alanine and -D-alanine, but the preference for the derivative of L-phenylalanine was sufficiently pronounced for the catalytic ratio to rise to approximately unity, a value higher than for any other substrate examined. Clearly, some additional factor operates to overcome the steric retardation that might have been expected to result from the presence of the bulky side chain. It is possible that some kind of hydrophobic bond is formed between the aromatic rings in the substrate and the phenylalanyl residue that is adjacent to histidine in bacitracin. Such a bond could be present in a ground-state bacitracin-substrate complex or a transition-state complex or both. A reaction that involved the formation of a groundstate complex would follow Michaelis-Mententype kinetics, but attempts to examine this possibility for the p-nitrophenyl ester of N-methoxycarbonyl-L-phenylalanine were frustrated by the insolubility of the substrate, mentioned above.
Two other esters that we synthesized proved unsuitable as substrates for bacitracin. The hydrolysis of p-nitrophenyl 1-methoxycarbonylaminocyclohexane-1 -carboxylate was extremely slow, doubtless as a result of steric hindrance. On the other hand, N-methoxycarbonylasparagine pnitrophenyl ester was hydrolysed extremely rapidly, probably owing to intramolecular catalysis by the amide group and the formation of a cyclic imide. Such a mechanism involving participation by an amide group has been established for the alkaline solvolysis of alkyl esters of N-benzyloxycarbonylasparagine (Sondheimer & Holley, 1954; Bernhard et al. 1962) .
The p-nitrophenyl esters required for the present work were synthesized by using NN'-dicyclohexylcarbodi-imide and by a new method described briefly by Elmore & Smyth (1963b) . The latter route, which was suggested by the work of Losse & Demuth (1961) , involved the formation of an unsymmetrical anhydride from an N-acylamino acid and diphenylketen in the presence of a catalytic amount of tertiary base in cold tetrahydrofuran. We have found that these anhydrides are attacked by phenols such as p-nitrophenol and 3-hydroxypyridine to give optically pure aryl esters of N-acylamino acids. Steric hindrance by the two phenyl groups usually directs fission of the anhydride in the desired direction. Although we have so far had satisfactory results with N-methoxycarbonyl-and N-benzyloxycarbonyl-amino acids by this method, like other procedures for the synthesis of aryl esters of N-acylamino acids, it should be used with caution. For example, p-nitrophenyl 1 -methoxycarbonylaminocyclohexane-1-carboxylate could not be made by this procedure, probably as a result of steric hindrance to attack by the phenol on the anhydride. Further work is needed before this method can be generally applied to peptide synthesis.
